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Marcelo Cardillo10, Alejandra Gasco1,2, Carina Llano1,11, Cecilia Frigolé1,2, 
Daniela Guevara7, Gabriela Da Peña7, Diego Winocur12, Anahí Benítez12, Luis Cornejo13, 
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We present isotopic and morphometric evidence suggesting the migration of farmers in the southern 
Andes in the period AD 1270–1420, leading up to the Inka conquest occurring ~ AD 1400. This is 
based on the interdisciplinary study of human remains from archaeological cemeteries in the Andean 
Uspallata Valley (Argentina), located in the southern frontier of the Inka Empire. The studied samples 
span AD 800–1500, encompassing the highly dynamic Late Intermediate Period and culminating 
with the imperial expansion. Our research combines a macro‑regional study of human paleomobility 
and migration based on a new strontium isoscape across the Andes that allows identifying locals 
and migrants, a geometric morphometric analysis of cranio‑facial morphology suggesting separate 
ancestral lineages, and a paleodietary reconstruction based on stable isotopes showing that 
the migrants had diets exceptionally high in  C4 plants and largely based on maize agriculture. 
Significantly, this migration influx occurred during a period of regional demographic increase and 
would have been part of a widespread period of change in settlement patterns and population 
movements that preceded the Inka expansion. These processes increased local social diversity and 
may have been subsequently utilized by the Inka to channel interaction with the local societies.
Migrations are an intrinsic aspect of human societies in the present as in the  past1–3. While their dynamics 
 differ4,5, migrations occurred across levels of socio-economic complexity, from small-scale mobile societies to 
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ancient  states6–10. Archaeologists have long debated the role of migration and diffusion in stimulating change in 
past human societies. During the early twentieth century, migration was frequently invoked as the major driver 
of cultural change, but subsequently fell into  disfavor1,2,11. Today, the application of radiogenic and stable isotopes 
enable us to distinguish migrants with  confidence12,13, and together with the phylogenetical information provided 
by  paleogenomics14,15 are bringing migration back to the forefront. However, current archaeological approaches 
concede migration a negligible role to explain economic and socio-demographic changes in the periphery of the 
‘Andean’ world (although  see16,17). With the aim of bridging the continental and regional scales, we develop a 
fine-grained study of human migration at local and regional scales in the southern Andes of Argentina and Chile. 
We argue here that it is essential to systematically study migration as a historical process in order to understand 
social and economic change in a more nuanced manner.
This study is centered in the Uspallata Andean Valley in Mendoza Province, Argentina (Fig. 1). This region 
represents the southern frontier of the dispersion of Andean agropastoral economies with a southwards latitudi-
nal pattern of decreasing agriculture importance between 32° and 34°  S17–20. During the last ca. 2000 years, there 
is evidence of the use of domestic plant species such as maize (Zea mays), quinoa (Chenopodium spp.), beans 
(Phaseolus vulgaris), and squash (Cucurbita spp.), in addition to camelid herding (Lama glama) and hunting and 
gathering of wild animal and plant  resources18,21,22. Recent studies of stable isotopes in human remains suggest 
mixed diets that do not reach the levels of maize consumption of dedicated agriculturalists between AD 800 and 
1450, where variation in maize farming would have been strongly linked to fluctuations in  temperature21. It has 
been suggested that peaks in δ13Capatite values for humans during the interval AD 1250–1370 are consistent with 
positive anomalies in summer  temperature21, hence linking trends in the intensification of agricultural practices 
to internal adaptive responses to climate change.
After AD 1400 Uspallata was the southernmost Inka administrative center east of the Andes, as shown by the 
presence of several archaeological sites with Inka-related architecture such as Ranchillos and Tambillos, and by its 
relationship with the Inka road or Qhapaq Ñan23,24. It is also close and geographically connected via the natural 
circulation path of the Mendoza River to the Aconcagua mummified child offering, which is associated to the 
Capacocha propitiatory  ceremony25,26. Since the Uspallata Valley has a remarkable mortuary record spanning 
the last 1200 years27–30, it offers a unique window for studying the transition to productive economies, migration, 
and social interaction between diversely organized societies ranging from incipient farmers to expansive empires 
during a highly dynamic period along the Andes. Building from this regional case, we zoom-out to a macro-
regional level to assess the broader historical context underlying these local processes. Our research focusses on 
the analysis of human life histories by studying place of residence and migration by means of strontium isotopes 
(87Sr/86Sr), dietary changes and the importance of maize agriculture based on stable isotopes of carbon and 
nitrogen, and phenotypic variation by means of cranio-facial 3D geometric morphometrics in human remains. 
Kernel Density Estimation (KDE) of radiocarbon dates and Bayesian statistics are combined to situate the geo-
graphic processes within regional trends of occupational intensity. The results of our study have implications 
Figure 1.  (a) Map of the southern Andes showing the study area (within the rectangle) and the locations of 
rodent sampling sites for bioavailable strontium (black dots); (b) Archaeological sites with human remains in 
the Uspallata Valley; (c) Panoramic view of the Uspallata Valley with the Andean Frontal Cordillera behind. 
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for understanding economic shifts, demographic fluctuations, and multi-ethnic dynamics of interaction before 
and during the Inka expansion.
Mortuary remains in an Andean biogeographic corridor. Uspallata is an intermontane valley located 
in northwestern Mendoza between two morpho-structural geological units, the Cordillera Frontal and Precor-
dillera (Fig. 1). The valley is connected to other longitudinal valleys to the north, such as Calingasta, comprising 
a ~ 400 km-long biogeographic  corridor31. Situated at an altitude of ~ 1900–2200 masl, the valley can be occu-
pied year-round, unlike the higher areas surrounding it, where the winter snow-cover limits human occupation 
to the summer season. Hence, this valley is a key region for tracking human migrations across and along the 
southern Andes.
Near 200 individuals were buried between AD 800–1500 at seven clustered archaeological sites excavated in 
the first half of the twentieth century, including the cemetery sites Potrero Las Colonias (MNI = 119), Túmulo I 
(MNI = 29) and Túmulo III (MNI = 27) (Fig. 1, see archaeological contexts in Table 1)28.
Results
Bioavailable strontium, local residence, and immigration: a diachronic assessment. The geol-
ogy of the southern Andes is especially suited for tracking local residence and immigration to the Uspallata 
Valley due to the high diversity of bedrock age and composition in a restricted area (Fig. 2a;  see33,34). Biologically 
available strontium from each geological unit was characterized by the analysis of modern and archaeological 
rodent samples with restricted home ranges, which are appropriate for developing a baseline to compare to 
human  samples35–37. We analyzed 65 samples collected from the main geological units along a 250-km transect 
from the Pacific coast in Chile to the lowlands in the eastern Andean slope (Table S1). The results show that 
the rodent samples closely track the geological regions. There is minimal isotopic overlap between areas of key 
archaeological significance such as western Principal Cordillera, in Central Chile, eastern Principal and Frontal 
Cordillera—making up the highlands—and Precordillera—east of the Andes—(Fig. S1). The Uspallata Valley 
is characterized by highly radiogenic values derived from the Paleozoic Precordillera along its eastern flank, 
composed of the oldest Andean formations (~ 500–350  my38,39), that transfer a distinct isotopic signature to the 
valley (Fig. 2B). While our results show similar values for the coastal environments of the Pacific Ocean, partially 
incorporating marine  strontium40, a multi-isotopic approach combining paleodietary tracers allows assessing 
the dietary source of  strontium41,42 and accurately tracking local and non-local residents in Uspallata.
We present 87Sr/86Sr values for 38 human samples (12 teeth and 26 bones) from 30 individuals spanning the 
period between AD 800 and 1500, representing 15% of the human remains from these burial sites (MNI = 196) 
(Table S2). The results have a bimodal distribution with two non-overlapping groups: the first one is composed 
of 27 samples (11 teeth and 16 bones) with a mean of 0.7090 ± 0.0003 (range 0.7083–0.7095); the second group is 
composed of 11 samples (one tooth and 10 bones) with a mean of 0.7073 ± 0.0001 (range 0.7072–0.7075) (Fig. 3a). 
The distribution of the values in the sample is multimodal (Hartigans’ dip test, D = 0.10455, p = 0.001) and the 
two groups present statistically significant differences (Mann–Whitney z = 4.7637, p =  < 0.0001).
Table 1.  Archaeological contexts and isotopic sampling for the Uspallata Valley. Key: (*) date reported here 
for the first time; (+) includes new and previously published results. All dates recalibrated with  SHCal20101.
Site
Archaeological 
context 14C dates (BP)
95% probability (cal 
AD) MNI n 87Sr/86Sr n Paleodiet (+)
Age classes Sex
ReferencesSA A M F ND




primary burials and 
diverse associated 
grave goods
1178 ± 41 (AA-66565) 770–1020
10 14 15 3 7 3 3 4 28, 32
1269 ± 35 (AA-66561) 680–890
Túmulo III Cemetery with primary burials 671 ± 40 (AA-66566) 1290–1400 27 3 8 14 13 1 4 22
21, 28
Potrero Las Colonias
Ossuary with no 
associated grave 
goods
682 ± 25 (D-AMS-
033194)* 1290–1400
119 7 10 54 65 22 25 72 21, 28634 ± 28 (D-AMS-
031415)* 1300–1420





583 ± 43 (AA-98708) 1310–1450
6 6 3 3 3 2 1 3 30470 ± 80 (I-16636) 1320–1650
AD 1400 ± 60 
(UCTL-308) 1280–1520
Usina Sur 2 Primary burial, no grave goods
772 ± 25 (D-AMS-
033193)* 1220–1380 4 2 2 2 2 0 1 3 This paper
Monte de Algarrobos
One individual, 
primary burial with 
grave goods
298 ± 28 (D-AMS-
030192)* 1500–1800 1 2 2 0 1 0 1 0
28, this paper
Total 196 38 48 83 113 35 42 119
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The first group (n = 27) overlaps with the isotopic range defined by ten rodent samples from Uspallata and 
the adjacent Mendoza River valley (Fig. 3a), defining a local isotopic range for the area of contact between Fron-
tal Cordillera and Precordillera that encompasses the Uspallata Valley. Within this area, the more radiogenic 
rodent samples come from the Mendoza River, which receives more sediment from the Paleozoic Precordillera 
(Fig. S1). The second group of human samples (n = 11) has a restricted isotopic variation that does not overlap 
with the local baseline (Fig. 3a).
Based on our isoscape, we assign probable areas of residence for these two groups with focal statistics based 
on each group’s mean and two-standard deviation range (Fig. S2). The 27 values from the first group (87Sr/86Sr 
range = 0.7087–0.7096) fully coincide with the local baseline. While the geographical analysis also indicates the 
Pacific coast as a possible area of residence, the paleodietary results—presented below—show a null marine 
dietary input, therefore allowing to reject this  alternative21. Hence, we argue that these samples indicate resi-
dence in or near the Uspallata Valley during childhood and/or adulthood. The spatial analysis also shows that 
the second group of 11 individuals (87Sr/86Sr range = 0.7071–0.7075) did not reside in Uspallata or nearby areas 
and are most likely migrants. However, the results are not conclusive regarding their geographic origin. Two 
distinct possibilities are the lowlands to the southeast and the highlands to the north (Fig. S2). However, since 
isotopic equifinality has been recorded in multiple Andean  settings37, they may also be long-distance migrants 
from beyond the sampled area.
There is a patterned temporal trend in the distribution of these isotopic groups (Fig. 3b). The 27 local samples 
come from four sites spanning AD 800–1500, which indicates the continuous presence of locals in the Valley until 
the Inka arrival ~ AD 1410, as estimated by a regional Bayesian  model44. The three earliest dates from the sites 
Túmulo I and Túmulo II (AD 830, 930, and 1100) are directly associated with 19 samples from 15 individuals 
with local 87Sr/86Sr values. On the other hand, the non-local individuals are temporally clustered between ~ AD 
1280–1420 (First and Last medians), a brief phase that includes 10 of the 11 non-locals from the sites Potrero 
Las Colonias, Usina Sur 2, and Túmulo III.
The mortuary assemblages provide some cultural context for the local individuals from the early and late peri-
ods of the sequence (Table 1). Three individuals buried at Túmulo II (AD 800–1000) are respectively associated 
with a lithic lip plug—individual 239—a lithic projectile point—individual 241—and two complete ceramic ves-
sels assigned to pottery traditions from the penecontemporaneous Early Ceramic Period in Central  Chile18,32—
individual 245—(Fig. S3). These vessels probably arrived via exchange and were then incorporated in the burials, 
suggesting they carried social and ritual significance. Furthermore, three individuals from Barrio Ramos I site 
(AD 1420), for whom paired bone and teeth 87Sr/86Sr values establish local residence throughout life, are associ-
ated with hundreds of shell beads—Dyplodon chilensis—a lithic projectile point, and large bone projectile points 
generally associated to the Inka period (Fig. S3)30,44. Most of these cultural elements are consistent with the local 
residence as determined isotopically.
Figure 2.  Framework for the study of bioavailable strontium in the southern Andes: (a) Main geological 
provinces: (1) Pacific Coast, (2) Coastal Cordillera, (3) Eastern Principal Cordillera, (4) Western Principal 
Cordillera, (5) Frontal Cordillera; (6) Precordillera, (7) Quaternary Active Foreland; (b) Isoscape of strontium 
isotopes (87Sr/86Sr) in rodent samples for the southern Andes of central Argentina and Chile. Map generated 
with Quantum GIS, version 3.2.3 (https ://www.qgis.org) and edited with Inkscape 0.92 (https ://inksc ape.org). 
(a) Using public domain data from SEGEMAR (https ://sigam .segem ar.gov.ar/visor /) and modified  from33  
(Copyright Clearance Center License ID 1055264-1).
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Conversely, the sites from which the migrants come do not contain material elements that may shed light 
on their cultural affiliation. The sites Potrero Las Colonias and Túmulo III are  ossuaries28 with large numbers of 
individuals deposited in restricted pits, without any associated grave goods and with a high representation of 
subadults. Four direct dates from these sites have modeled medians of AD 1350, 1350, 1350, and 1410. Potrero 
Las Colonias site contains the remains of a minimum number of 119 individuals, including 54 subadults and 
65 adults. We randomly selected seven individuals from this site and all seven had non-local strontium values. 
Túmulo III yielded a minimum number of 27 individuals, composed of 14 subadults and 13 adults (Table 1). One 
of the three individuals analyzed from this site produced a non-local signature and the other two were determined 
as local. These results suggest that locals and migrants lived—and in some cases were buried—side by side.
Zooming out from these regional patterns, the timing of the immigrants’ arrival coincides with the onset 
of the major regional occupational peak, as suggested by a KDE of radiocarbon dates from Mendoza Province 
(n = 343; Fig. 3c)43. While the temporal trends cannot be treated as a direct demographic proxy, it is notable that 
the long-term occupational peak coincides with the formation of large cemeteries with several  subadults45,46, 
possibly indicating a macro-regional demographic increase coeval to the period of the migration(s).
Cranio‑facial morphology and geographic origin. Cranial morphology confirms the bimodal arrange-
ment between locals and non-locals. While the first two principal components explain 50% of the entire skull 
shape variation, there is some overlap among local and non-local individuals (Fig. 4a). The main variables that 
contribute to such differences are landmarks and semilandmarks located along the sagittal plane of the cranial 
vault (Table S3). Since previous studies have shown that the morphological variation in these samples is low due 
to recent  divergence17, 47, we conducted further analyses by using only the cranial base. The development of this 
Figure 3.  (a) Strontium values from human and rodent samples from the Uspallata Valley and nearby areas; 
(b) Bayesian modelling, KDE, and inverted histogram of individuals with local (green) and non-local (red) 
values compared to the estimated date (blue) for the Inka arrival; (c) Summed probabilities (thin black line) and 
KDE (blue curve) for radiocarbon dates from  Mendoza43 compared to the KDE for migrants. Figures generated 
with Excel 16.39 (ID: 02954-035-637535) and OxCal 4.3 (https ://c14.arch.ox.ac.uk/oxcal .html) and edited with 
Inkscape 0.92 (https ://inksc ape.org).
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cranial module is completed earlier during ontogeny, making it less determined by environmental conditions 
and thus retaining a stronger population history  record48,49.
The first two principal components of the cranial base explain more than 55% of the total variation and reveal 
strong differences between the local individuals buried at Túmulo II (n = 6) and the non-locals buried at Potrero 
Las Colonias (n = 7; Fig. 4b). Most of the variation is concentrated in the temporal and occipital bones—anterior 
and inferior mastoid, asterion, and basion—(Table S4). This trend is reinforced by the results of a Procrustes 
ANOVA that showed significant statistical differences between cranial base shapes (F = 1.83; p ≤ 0.01). This is 
not the case when comparing the whole skull, despite the low p value (F = 1.18; p = 0.06). The observation that 
the largest differences between locals and non-locals are present in the cranial base supports the conclusion that 
these groups have different lineages, which nonetheless might have shared a common ancestor in the deep  past52.
In order to test for differences in cultural modifications of the skull among the local and non-local individuals, 
we also evaluated shape variation along the sagittal curvature of the cranial vault. Previous research showed the 
Figure 4.  (a) Cranio-facial geometric variation and paleodiet in human remains from Uspallata: PCA of 
cranio-facial variation; (b) PCA of the cranial base variation; (c) PCA of the cranial vault variation; (d) 
δ13Ccollagen and δ13Capatite in sites from Uspallata compared to theoretical endmembers for  C3 hunter-gatherer and 
 C4 farmer  diets50,51, total area of the group—dotted line—and Standard Ellipse Area corrected for small sample 
size  (SEAC)—continuous line; and (e) Standard Ellipse Area Bayesian  (SEAB). Figures generated with R version 
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presence of wide variation of artificial cranial modifications in the southern Andes, which could be interpreted 
as a potential manifestation of ethnic  identity53,54. The first two principal components explain 52% of the total 
cranial vault shape variation (Fig. 4c). The results from the PCA show that the cranial vault of the locals varies 
across PC1, with some of individuals presenting a flattening in the occipital area, while others do not present 
cranial modifications (Table S5). The non-locals’ cranial vault has a wider range of cultural modifications that 
goes across the PC2, from a subtle flattening of the frontal bone to a flattening of the lambdic area (Table S5). 
Procrustes ANOVA showed that there are some statistically significant differences between the locals and non-
locals cranial vault shape (F = 1.90; p ≤ 0.01). Despite the partial overlap recorded for the cranial vault shape 
variation of locals and non-locals, the differential pattern of cultural cranial modifications could support the 
existence of identity differences among them. However, we cannot yet discard other factors.
Paleodiets and maize agriculture. We present results of δ13Ccol., δ13Capat., and δ15N for 22 individuals 
(6 teeth and 19 bone samples), which are combined with previously published values for the same  sites21. Since 
teeth samples are unevenly distributed between sites and most teeth represent diet during childhood, we focus 
the following analyses on the bone samples, which reflect a longer-term average of diet over many years of life. 
Thus, we have values for bone samples from 39 individuals distributed as follows: 20 from sites with migrants—
Potrero Las Colonias, Túmulo III, Usina Sur 2, and Monte de Algarrobos—and 19 from sites with local individu-
als only—Túmulo I, Túmulo II, and Barrio Ramos I—(Table S6). Mann–Whitney pair-testing shows signifi-
cant differences (p < 0.05) in δ13Ccoll. and δ13Capat., while the sites are not statistically different in terms of δ15N 
(Table S7).
The locals show more variability in the input of  C3 and  C4 resources than the migrants, as determined with 
both δ13Ccoll. and δ13Capat. (Fig. 4d; see also Fig. S4). This is visible in the total isotopic area occupied by each 
group. In addition, a Bayesian analysis of the metrics of the isotopic areas by means of the Standard Ellipse Area 
corrected for small sample size—SEAC—(Fig. 4d) produces values of 3.881 for the migrants and 7.377 for the 
locals (Table S8). The Standard Ellipse Area Bayesian—SEAB55 also shows a smaller isotopic niche for the migrants 
(3.224) compared to the locals (9.913; p = 1) (Fig. 4e; Table S8). The enriched 13Capat. values from the sites with 
migrants suggest a high  C4 dietary input that, based on the regional isotopic  ecology21,56, is compatible with an 
agricultural subsistence heavily reliant on maize cultivation (Fig. 4d). While alternative dietary factors for  C4 
dietary inputs have been suggested, such as CAM plants and enriched wild  herbivores57,58, we do not consider 
these alternatives can account for the very restricted isotopic niches near the most enriched end of the distribu-
tion, as recorded for the migrants in this study. Similar values recorded for δ15N among migrants and locals would 
suggest an important protein intake from wild herbivores, such as the guanaco (Lama guanicoe). Importantly in 
this context, comprehensive studies for wild herbivores in Mendoza do not record δ13C values that could explain 
the particularly enriched migrant  values56. In addition, a study of taxon-dates for macro-botanical remains of 
cultigens from Mendoza including maize identifies the highest abundance between ca. AD 1300–150043.
Discussion and conclusions
We have presented 87Sr/86Sr values from human remains that indicate a migration influx into the southern 
Andean Uspallata Valley occurring between AD 1280 and 1420. Stable isotopes suggest that a large fraction of the 
migrants came from farming communities that practiced maize agriculture, as opposed to a broader subsistence 
base recorded for the local groups that included maize in variable proportions alongside  C3 plants and camelids. 
At a biological level, in addition to the bimodal arrangement of the cranio-facial variation (Fig. 4a), there is a 
significant difference in the shape of the cranial base (Fig. 4b), which preserves a strong signature of the popula-
tion lineage. Additionally, the observed shape variation in the cranial vault would suggest cultural patterns of 
cranial modifications possibly associated with ethnic  identity59,60, where the migrants present a wider range of 
cranial modifications in the frontal and occipital bones (Fig. 4c), despite their remarkable dietary and geographic 
homogeneity. These lines of evidence suggest that, in the period between AD 800 and 1500, locals and migrants 
can be distinguished on the basis of geographic origin, phenotypic features, cultural body modifications, dietary 
breadth, and possibly agricultural practices.
We have provided evidence for the coexistence of human groups with biological and economic differences 
in Uspallata, but we know little about the dynamics of their interaction. Remarkably, the migrants buried in 
cemeteries such as Potrero Las Colonias and Túmulo III retained a homogeneous non-local signature in their 
bones. An ongoing analysis of these remains does not reveal clear signs of violence as the cause of death, but the 
presence of diseases still needs to be explored by applying an interdisciplinary  framework61. While migrants’ 
origin has not been confidently determined yet, we can rule out on isotopic grounds the possibility that they 
came from the highly populated Chilean Central Valley. There is, among others, one plausible alternative along 
the biogeographic corridor of intermontane valleys to the north. Indeed, a contemporary emigration from the 
Angualasto area, emplaced in the same biogeographic corridor 250 km northwards from Uspallata, has been 
 suggested16,62, as well as similarities between the Angualasto ceramic tradition and the local Viluco style from 
northern  Mendoza63. In addition, while there is contextual cultural information on the locals throughout the 
temporal sequence consistent with the isotopic results (Fig. S3), the mortuary contexts of the migrants do not 
contain associated grave goods that may inform on their cultural identity. The social context accounting for the 
complete absence of cultural materials on the large cemeteries containing the migrant burials is unknown and 
will be explored in the future.
Most of the migrants had homogeneous diets that occupy very restricted isotopic niches and were focused on 
the consumption of  C4 foods, most likely maize. Overall, despite the fact that sample size needs to be enlarged, 
the remarkable geographic and dietary homogeneity reconstructed for the migrants, coupled with the emphasis 
on maize agriculture and the large numbers of individuals buried, suggest a picture of low mobility, very stable 
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life-histories, and possibly high demography in the source  area64,65, which provides a plausible ‘push’ context 
for population displacement. In this regard, it must be emphasized that the δ13Capat. values are higher than those 
recorded for most of the regional records known in central Argentina and  Chile21,66,67, and almost as enriched 
as cases from the Quebrada de Humahuaca in northwestern Argentina, northern Chile, and Conchopata in 
central  Peru68–70 (Fig. S5).
Current models of the development of agriculture in this region are largely based on isotopic  information21,43. 
This framework has emphasized internal processes of economic adjustment in response to climate change, with 
maize consumption peaking between AD 1250 and 1370 during a period of positive anomalies in summer tem-
peratures and then declining during the Little Ice  Age21. Our results suggest that the peak in the intensification 
of maize farming is largely evidenced in samples from archaeological sites constituted by migrants (Table S6). 
Whilst this new pattern does not necessarily contradict the long-term influence of climate change on agricultural 
intensification, it demonstrates the need to build more sophisticated models that incorporate migration in addi-
tion to in situ adaptive  change21,71 to understand the complex processes of economic and demographic transi-
tion in the southern Andes. As it has already been  explored72, this complex and intensively studied diachronic 
trajectory from the southern Andean farming frontier needs to be fully incorporated in comparative studies of 
transitions to productive  economies73–75.
The immigration recorded in this paper shortly precedes the initial presence of the Inka in Uspallata, leading 
us to suggest that there was a multicultural social setting when the Empire arrived after ~ AD 1400. This entails a 
more complex dynamic of interaction between the Inka and the diverse preexisting local societies in the southern 
periphery, where the Inka may have established different forms of ‘top-down’ interaction with particular local 
social segments, as shown for other areas in the  Tawantinsuyu76–80, and local groups may also have pursued their 
own agendas, as recent ‘bottom-up’ perspectives  suggest77,79,80. Importantly for future research, frontier regions 
such as Uspallata should be considered as highly dynamic spaces combining evolving  identities77.
Finally, our results also have macro-regional implications. The period between AD 1280 and 1420 is associ-
ated with changes at different spatial scales along the Andes. Regionally, it coincides with the major demographic 
peak in central Argentina and Chile. At a larger scale encompassing Peru to northern Chile and northwest-
ern Argentina, this period of time—traditionally referred as the Regional Developments or Late Intermedi-
ate Period—is characterized by marked changes in settlement patterns, an increased development of regional 
identities, economic intensification, and more intense inter-ethnic  conflict18,70,81–84 in a time of recurrent and 
intense dry  periods85. While there is no firm evidence of conflict in the study area during this period, we should 
explore the possibility that these disparate trajectories may actually represent local manifestations of large-scale 
trajectories of demographic growth, enhanced push–pull  dynamics1, and social change. Summarizing the results 
from the multiple lines of research developed here, we have presented compelling interdisciplinary evidence 
for the existence of a migration pulse of maize-farming groups shortly preceding the Inka conquest towards the 
imperial periphery. In doing so, we have contributed to open new avenues for research in the southern Andes 
by building a multi-scalar approach to human life  histories86. We look forward to combining work at a micro-
social level by reconstructing individual life-histories of migrants and locals, including possible causes of death 
such as violence or diseases, and at a macro-biological level, by contributing to reconstruct the paleogenomic 
 history15,52 of these diverse societies of the Andes.
Materials and methods
Samples. The archaeological samples studied are from human remains deposited at the Museo de Ciencias 
Naturales y Antropológicas Juan Cornelio Moyano (Mendoza, Argentina). Sex and age determinations for pale-
odemographic analysis were performed according to standard  procedures87. The applied methods are detailed 
in the “Supplementary Information”. The category subadult includes individuals ranging from prenatal stages 
to 20–21 years, and was defined based on dental development and the fusion of epiphysis and diaphysis in the 
postcranial  skeleton87,88. Individuals were considered adults (older than 21 years old) when the spheno-occipital 
synchondrosis is closed, the molar 3 is in eruption, and/or epiphysis and diaphysis of the postcranial skeleton 
are  fused87,89.
Radiogenic isotope analysis. Strontium isotopes (87Sr/86Sr) in the landscape vary according to bedrock 
age and composition and can be used to determine the geographic sources of dietary strontium in human tis-
sues, and hence the scale of mobility during the period of tissue  formation90–92. The 87Sr/86Sr analyses were 
performed at the Department of Geological Sciences, University of Cape Town, South Africa. Powdered sam-
ples were processed following routine chemical and MC–ICP–MS  methods90. 87Sr/86Sr data are referenced to a 
value of 0.710255 for the international standard SRM987. Repeated analyses of an in-house carbonate reference 
material NM95 were processed as unknown along with samples from this study, yielding an 87Sr/86Sr average 
(0.708912 ± 0.000037 2σ; n = 17) in agreement with long-term data from this facility (0.708911 ± 0.000040 2σ; 
n = 414 over > 8 years). The bioavailable Sr isoscape was produced with QGIS 3.10 and ArcGIS 10.5.GIS. 87Sr/86Sr 
values from rodent samples were interpolated with Ordinary  Kriging37,93. The areas of human residence were 
determined with the tools Focal Statistics and Reclassify.
The possibility of diagenetic strontium uptake from the soil cannot be completely ruled out, particularly 
in the bone samples, but we consider that the patterns in the data are not the product of diagenesis. Firstly, 
we have conducted a pilot study with Ca/P and U/Ca elemental concentrations including some of the rodent 
and human samples from this paper. Ca/P values range between 1.9 and 2.1, within the range of values char-
acteristic of modern  hydroxyapatite94,95 and the results obtained for U/Ca are consistent with little diagenetic 
 contamination33. This is consistent with general expectations for minimal diagenesis in recent samples from dry 
climates, like those presented  here96. The migrant bone samples from Potrero Las Colonias, which would be the 
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most susceptible to incorporating local strontium from the soil, produced an almost identical non-local signal. 
Other independent data sets indicate coherence in these geographical assignations, including radiogenic and 
stable isotopes and cranial variation.
Stable isotope analysis. In order to extract the bone apatite for paleodietary analyses, bone fragments 
were ground in a liquid nitrogen-cooled SPEX mill and sieved through 180 and 106 μm mesh. Only the 179–
107 μm fraction was  analyzed50. Approximately 2 mg of each apatite powder were reacted with 100% phosphoric 
acid in a ThermoFinnigan model II gas bench and the resultant  CO2 gas passed into a ThermoFinnigan Delta 
Plus XP isotope ratio mass spectrometer (Germany). Precision was monitored by repeated analysis of interna-
tional standard materials (IAEA-CO1 and NBS18) in each run. 13C/12C and 18O/16O ratios were reported in the 
standard notation relative to the PeeDee Belemnite (PDB) standard in parts per mil (‰). Precision of repeated 
analyses of standard materials was < 0.2‰ for δ13C and δ18O. Bone collagen was prepared using the pseudo-
morph method described  in97. Each sample was mechanically cleaned and weighed to enable determination of 
the collagen yield. The gases were passed through to a Delta Plus V IRMS (Thermo electron, Bremen, Germany), 
via a Conflo IV gas control unit (Thermo Finnigan, Bremen, Germany). Standards used were in-house standards 
Chocolate (δ13C = − 17.75‰; δ15N = 4.31‰); New MG (δ13C = − 20.94‰; δ15N = 4.7‰; Sucrose (δ13C =−10 .6‰); 
Valine (δ13C = − 26.80‰; δ15N = 12.14‰). Each standard had been calibrated against international standard 
materials NBS 21, IAEA N1 and N2 and standards exchanged with other laboratories. The reproducibility of 
repeated measurements of standard materials was ≤ 0.2‰.The human collagen samples showed good preserva-
tion with mean %N 15 ± 0.9, %C 41 ± 2.7 and C/N values between 3.0 and 3.4 (3.2 ± 0.1, Table S6)98. Only sam-
ple 31 presents an anomalous C/N value of 3.9 and was excluded from the analysis (Table S2). Only six of the 
previously published results do not include C/N ratios. Stable isotope results are analyzed with Stable Isotope 
Bayesian Ellipses (SIBER) in  R55,99, using the Standard Ellipse Area corrected for small sample sizes  (SEAC) and 
a Bayesian estimate of the Standard Ellipse Area  (SEAB). The existence of significant differences in  SEAB between 
the migrants and locals were calculated on the basis of p values. A p value of 1 implies that the ellipse of the 
group with migrants is significantly smaller than the group with locals; conversely, a p value of 0 would imply 
that the ellipse of the local group is smaller and a p value of 0.5 means that the two populations have equal-sized 
 ellipses100.
Chronology. Radiocarbon dates were calibrated with  SHCal20101 and modeled with OxCal 4.4102. We mod-
eled two overlapping phases, one for dates from local burials and another for migrants. The dates provided in 
the text are medians rounded to the nearest decade for ease of presentation, however, error ranges are also con-
sidered. Modeled dates are in italics. A KDE for each phase is shown in Fig. 3B, in addition to an estimate of the 
initial Inka presence in the Uspallata Valley based on Bayesian  models103.
Craniometric variation. For the geometric morphometric analysis of cranio-facial variation, a total of 56 
3D landmarks were registered by one of the authors (LM) by using a Microscribe G2X and taking into consid-
eration intra-observer error (Table S9)104. Landmarks were selected for describing variation in the whole skull 
and were located sagittally on the left side of the skull. Intra-observer error was previously calculated for each 
landmark by comparing three independent measurement series, considered to be acceptable for morphometric 
studies (r = 0.90). Due to differential bone preservation, we selected 21 individuals to conduct the morphometric 
analysis (Table S10). The original coordinates were rotated, translated, and scaled with the Generalized Pro-
crustes Superimposition  method105. Afterwards, we obtained the Centroid size, a variable that designates size 
of the samples, and Procrustes coordinates that represent shape variables. Analyses were conducted in different 
cranial modules (whole skull, cranial base, cranial vault), which are expected to have different evolutionary 
and biocultural signals. Despite the fact that samples include approximately equal numbers of individuals of 
both sexes (Table S10), we performed a Procrustes ANOVA for evaluating the impact of sexual dimorphism in 
craniofacial shape variation. Since there are significant differences in shape variation due to sexual dimorphism 
(< 0.01), we run a regression of shape on size to obtain new shape variables uncorrelated with size in order to 
control for those sex-related differences. We used the residuals from the regression to perform a Principal Com-
ponent Analysis that allowed reducing the number of variables by creating new orthogonal ones summarizing 
the variation. The variation along the first two principal components is presented with the wireframes that show 
the main shape configurations at the positive and negative extremes of the principal components compared 
(locals vs. non-locals). Mahalanobis distances were calculated to evaluate the magnitude of variation. Then, we 
conducted a Procrustes ANOVA to test the statistical significance of the differences between local and non-local 
groups. The analyses were conducted with MorphoJ and using the geomorph package (version 3.3.1)106,107 in R 
(version 3.6.2)99.
Received: 1 June 2020; Accepted: 18 November 2020
References
 1. Anthony, D. W. Migration in archeology: The baby and the bathwater. Am. Anthropol. 92, 895–914 (1990).
 2. Cabana, G. S. & Clark, J. J. Migration in anthropology. Where we stand. In Rethinking Anthropological Perspectives on Migration 
(eds Cabana, G. S. & Clark, J. J.) 3–15 (University Press of Florida, Florida, 2011).
 3. De León, J. The Land of Open Graves. Living and Dying on the Migrant Trail (University of California Press, California, 2015).
10
Vol:.(1234567890)
Scientific Reports |        (2020) 10:21171  | https://doi.org/10.1038/s41598-020-78013-x
www.nature.com/scientificreports/
 4. Cameron, C. M. How people moved among ancient societies: Broadening the view. Am. Anthropol. 115, 218–231 (2013).
 5. Snow, D. The multidisciplinary study of human migration. Problems and principles. In Ancient Human Migrations. A Multidis-
ciplinary Approach (eds Peregrine, P. et al.) 6–20 (University of Utah Press, Salt Lake City, 2009).
 6. Anthony, D. W. The Horse, the Wheel, and Language: How Bronze-Age Riders from the Eurasian Steppes Shaped the Modern World 
(Princeton University Press, Princeton, 2007).
 7. Bonomo, M., Angrizani, R. C., Apolinaire, E. & Noelli, F. S. A model for the Guaraní expansion in the La Plata Basin and littoral 
zone of southern Brazil. Quat. Int. 356, 54–73 (2015).
 8. Goldstein, P. S. Multiethnicity, pluralism, and migration in the south central Andes: An alternate path to state expansion. Proc. 
Natl. Acad. Sci. 112, 9202–9209 (2015).
 9. McConvell, P. Australia: Linguistic history. In The Encyclopedia of Global Human Migration (ed. Ness, I.) 1–6 (Blackwell, Chich-
ester, 2013). https ://doi.org/10.1002/97814 44351 071.wbegh m842.
 10. Prowse, T. L. Isotopes and mobility in the ancient Roman world. In Migration and Mobility in the Early Roman Empire (eds de 
Ligt, L. & Tacoma, L. E.) 205–233 (Brill, Leiden, 2016). https ://doi.org/10.1163/97890 04307 377_011.
 11. Clark, G. A. Migration as an explanatory concept in paleolithic archaeology. J. Archaeol. Method Theory 1, 305–343 (1994).
 12. Borić, D. & Price, T. D. Strontium isotopes document greater human mobility at the start of the Balkan Neolithic. Proc. Natl. 
Acad. Sci. USA 110, 3298–3303 (2013).
 13. Knudson, K. J., Goldstein, P. S., Dahlstedt, A., Somerville, A. & Schoeninger, M. J. Paleomobility in the Tiwanaku diaspora: 
Biogeochemical analyses at Rio Muerto, Moquegua, Peru. Am. J. Phys. Anthr. 155, 405–421 (2014).
 14. Haak, W. et al. Massive migration from the steppe was a source for Indo-European languages in Europe. Nature 522, 207–211 
(2015).
 15. Nakatsuka, N. et al. A Paleogenomic reconstruction of the deep population history of the Andes. Cell https ://doi.org/10.1016/j.
cell.2020.04.015 (2020).
 16. Gambier, M. Prehistoria de San Juan (Ansilta Editora, San Juan, 2000).
 17. Menéndez, L. et al. El registro bioarqueológico y la incorporación de las prácticas agrícolas en el Centro-Norte de Mendoza. In 
Arqueología de Ambientes de Altura de Mendoza y San Juan (Argentina) (eds Cortegoso, V. et al.) 99–123 (EDIUNC, Mendoza, 
2014).
 18. Falabella, F. et al. Diversidad y heterogeneidad cultural y social en Chile Central durante los períodos Alfarero temprano e 
Intermedio Tardío (300 años a.C. a 1450 años d.C.). In Prehistoria en Chile (eds Falabella, F., Uribe, M., Sanhueza, L., Aldunate, 
C., Hidalgo, J.) 365–400 (Sociedad Chilena de Antropología, 2016).
 19. Durán, V. A. et al. ‘To and fro’ the southern Andean highlands (Argentina and Chile): Archaeometric insights on geographic 
vectors of mobility. J. Archaeol. Sci. Rep. 18, 668–678 (2018).
 20. Gil, A. F. et al. Between foragers and farmers: Climate change and human strategies in Northwestern Patagonia. Quaternary 3, 
17 (2020).
 21. Gil, A. F. et al. Isotopic evidence on human bone for declining maize consumption during the little ice age in central western 
Argentina. J. Archaeol. Sci. 49, 213–227 (2014).
 22. Gasco, A. Cazadores y pastores desde el 2000 AP en el límite sur del área Andina: Estado de la cuestión y perspectivas futuras. 
Cuad. Inst. Nac. Antropol. Pensam. Latinoam. 6, 15–38 (2018).
 23. Bárcena, J. R. Investigación de la dominación incaica en Mendoza. Espac. Tiempo Forma 1, 397–426 (1988).
 24. D’Altroy, T. N. The Imperial Inka road system: Exploring new paths. Asian Archaeol. 2, 3–18 (2018).
 25. Fernández, J., Panarello, H. O. & Schobinger, J. The Inka mummy from Mount Aconcagua: Decoding the geographic origin of 
the messenger to the deities by means of stable carbon, nitrogen, and sulfur isotope analysis. Geoarchaeology 14, 27–46 (1999).
 26. Besom, T. Of Summits and Sacrifice: An Ethnohistoric Study of Inka Religious Practices (University of Texas Press, Austin, 2009).
 27. Schobinger, J. Arqueología del Valle de Uspallata. Provincia de Mendoza (Sinópsis preliminar). Relac. Soc. Argent. Antropol. 5, 
71–84 (1971).
 28. Rusconi, C. Poblaciones Pre y Post Hispánicas de Mendoza. Arqueología, vol. III (Imprenta Oficial, Mendoza, 1962).
 29. Bárcena, J. R. Antropología física del Valle de Uspallata, Provincia de Mendoza. An. Arqueol. Etnología 29–31, 109–183 (1976).
 30. Durán, V. et al. Barrio Ramos I. Funebria y modos de vida en el inicio del período de dominación inca del valle de Uspallata 
(Mendoza, Argentina). Relac. Soc. Argent. Antropol. 5, 55–86 (2018).
 31. Capitanelli, R. Geomorfología y Clima de la provincia de Mendoza. Bol. Soc Argent. Botánica 8, 15–48 (1972).
 32. Aldao, G. P., Novellino, P. & Frigolé, C. Caracterización del Túmulo II (Uspallata, Mendoza): Actualización del análisis del 
contexto funerario. Comechingonia 20, 21–49 (2016).
 33. Barberena, R. et al. Scale of human mobility in the southern Andes (Argentina and Chile): A new framework based on strontium 
isotopes. Am. J. Phys. Anthropol. 164, 305–320 (2017).
 34. Barberena, R. et al. Bioavailable strontium in the Southern Andes (Argentina and Chile): A tool for tracking human and animal 
movement. Environ. Archaeol. https ://doi.org/10.1080/14614 103.2019.16898 94 (2019).
 35. Price, T. D., Burton, J. H. & Bentley, R. A. The characterization of biologically available strontium isotope ratios for the study of 
prehistoric migration. Archaeometry 44, 117–135 (2002).
 36. Turner, B. L., Kamenov, G. D., Kingston, J. D. & Armelagos, G. J. Insights into immigration and social class at Machu Picchu, 
Peru based on oxygen, strontium, and lead isotopic analysis. J. Archaeol. Sci. 36, 317–332 (2009).
 37. Scaffidi, B. K. & Knudson, K. J. An archaeological strontium isoscape for the prehistoric andes: Understanding population mobil-
ity through a geostatistical meta-analysis of archaeological 87Sr/86Sr values from humans, animals, and artifacts. J. Archaeol. Sci. 
117, 105121 (2020).
 38. Astini, R. A., Benedetto, J. L. & Vaccari, N. E. The early Paleozoic evolution of the Argentine Precordillera as a Laurentian rifted, 
drifted, and collided terrane: A geodynamic model. Geol. Soc. Am. Bull. 107, 253–273 (1995).
 39. Ramos, V. A. & Folguera, A. Andean flat-slab subduction through time. Geol. Soc. Lond. Spec. Publ. 327, 31–54 (2009).
 40. Banner, J. L. Radiogenic isotopes: Systematics and applications to earth surface processes and chemical stratigraphy. Earth-Sci. 
Rev. 65, 141–194 (2004).
 41. Standen, V. G., Santoro, C. M., Arriaza, B. & Coleman, D. Hunting, gathering, and fishing on the coast of the Atacama Desert: 
Chinchorro population mobility patterns inferred from strontium isotopes. Geoarchaeology 33, 162–176 (2018).
 42. Neil, S., Montgomery, J., Evans, J., Cook, G. T. & Scarre, C. Land use and mobility during the Neolithic in Wales explored using 
isotope analysis of tooth enamel. Am. J. Phys. Anthr. 164, 371–393 (2017).
 43. Gil, A. F., Giardina, M. A., Neme, G. A. & Ugan, A. Demografía humana e incorporación de cultígenos en el centro occidente 
argentino: Explorando tendencias en las fechas radiocarbónicas. Rev. Esp. Antropol. Am. 44, 523–553 (2014).
 44. Marsh, E. J., Kidd, R., Ogburn, D. & Durán, V. Dating the expansion of the Inca Empire: Bayesian models from Ecuador and 
Argentina. Radiocarbon 59, 117–140 (2017).
 45. Bocquet-Appel, J.-P. Explaining the Neolithic demographic transition. In The Neolithic Demographic Transition and Its 
Consequences (eds Bocquet-Appel, J.-P. & Bar-Yosef, O.) 35–55 (Springer Netherlands, Dordrecht, 2009). https ://doi.
org/10.1007/978-1-4020-8539-0_3
 46. Downey, S. S., Bocaege, E., Kerig, T., Edinborough, K. & Shennan, S. The neolithic demographic transition in Europe: Correlation 
with juvenility index supports interpretation of the summed calibrated radiocarbon date probability distribution (SCDPD) as 
a valid demographic proxy. PLoS ONE 9, e105730 (2014).
11
Vol.:(0123456789)
Scientific Reports |        (2020) 10:21171  | https://doi.org/10.1038/s41598-020-78013-x
www.nature.com/scientificreports/
 47. Menéndez, L. P. Diversificación Morfológica Craneofacial y Diversidad en la Dieta. El Caso de la Región Centro-Oeste de Argentina 
durante el Holoceno tardío Vol. S2743 (Archaeopress, Oxford, 2015).
 48. Atchley, W. R. & Hall, B. K. A model for development and evolution of complex morphological structures. Biol. Rev. 66, 101–157 
(1991).
 49. von Cramon-Taubadel, N. Evolutionary insights into global patterns of human cranial diversity: Population history, climatic 
and dietary effects. J. Anthropol. Sci. https ://doi.org/10.4436/jass.91010 (2014).
 50. Zhu, M. & Sealy, J. Multi-tissue stable carbon and nitrogen isotope models for dietary reconstruction: Evaluation using a southern 
African farming population. Am. J. Phys. Anthropol. 168, 145–153 (2019).
 51. Finucane, B., Agurto, P. M. & Isbell, W. H. Human and animal diet at Conchopata, Peru: Stable isotope evidence for maize 
agriculture and animal management practices during the Middle Horizon. J. Archaeol. Sci. 33, 1766–1776 (2006).
 52. Lindo, J. et al. The genetic prehistory of the Andean highlands 7000 years BP though European contact. Sci. Adv. 4, eaau4921 
(2018).
 53. Perez, S. I. Artificial cranial deformation in South America: A geometric morphometrics approximation. J. Archaeol. Sci. 34, 
1649–1658 (2007).
 54. Menéndez, L. & Lotto, F. Estudio morfométrico de las modificaciones culturales del cráneo en el centro-oeste de Argentina. 
Comechingonia 20, 143–174 (2017).
 55. Jackson, A. L., Inger, R., Parnell, A. C. & Bearhop, S. Comparing isotopic niche widths among and within communities: SIBER—
Stable Isotope Bayesian Ellipses in R: Bayesian isotopic niche metrics. J. Anim. Ecol. 80, 595–602 (2011).
 56. Gil, A. F. et al. Variation in camelid δ13C and δ15N values in relation to geography and climate: Holocene patterns and archaeo-
logical implications in central western Argentina. J. Archaeol. Sci. 66, 7–20 (2016).
 57. Cadwallader, L., Beresford-Jones, D. G., Whaley, O. Q. & O’Connell, T. C. The signs of maize? A reconsideration of what δ13C 
values say about palaeodiet in the Andean region. Hum. Ecol. 40, 487–509 (2012).
 58. Llano, C. & Ugan, A. Alternative interpretations of intermediate and positive d13C isotope signals in prehistoric human remains 
from Southern Mendoza, Argentina: The role of CAM species consumption. Curr. Anthropol. 55, 822–831 (2014).
 59. Torres-Rouff, C. Cranial vault modification and ethnicity in middle horizon San Pedro de Atacama. Chile. Curr. Anthropol. 43, 
163–171 (2002).
 60. Torres-Rouff, C. Cranial modification and the shapes of heads across the Andes. Int. J. Paleopathol. 29, 94–101 (2020).
 61. Rascovan, N. et al. Emergence and spread of Basal Lineages of Yersinia pestis during the Neolithic Decline. Cell 176, 295-305.
e10 (2019).
 62. Michieli, C. T. Arqueología de Angualasto: Historia, Ruinas y Cóndores (Universidad Nacional de San Juan, Facultad de Filosofía, 
Humanidades y Artes, San Juan, 2015).
 63. García, A. L. dominación Inca en el Centro Oeste argentino y su relación con el origen y cronología del registro arqueológico 
‘Viluco’. An. Arqueol. Etnología 48–49, 57–72 (1993).
 64. Walker, R. S. Amazonian horticulturalists live in larger, more related groups than hunter–gatherers. Evol. Hum. Behav. 35, 
384–388 (2014).
 65. Hermes, T. R. et al. Urban and nomadic isotopic niches reveal dietary connectivities along Central Asia’s Silk Roads. Sci. Rep. 
8, 5177 (2018).
 66. Falabella, F., Planella, M. T. & El Tykot, R. H. Maíz (Zea mays) en el Mundo Prehispánico de Chile Central. Lat. Am. Antiq. 19, 
25–46 (2008).
 67. Alfonso-Durruty, M., Troncoso, A., Larach, P., Becker, C. & Misarti, N. Maize (Zea mays) consumption in the southern Andes 
(30°–31° S. Lat): Stable isotope evidence (2000 BCE–1540 CE). Am. J. Phys. Anthropol. 164, 148–162 (2017).
 68. Galván, V. K., Seldes, V. & Nielsen, A. E. Inferencia paleodietaria en el sitio arqueológico los amarillos (Quebrada de Humahuaca, 
Jujuy, Argentina). Relac. Soc. Argent. Antropol. XLI, 79–99 (2016).
 69. Somerville, A. D. et al. Diet and gender in the Tiwanaku colonies: Stable isotope analysis of human bone collagen and apatite 
from Moquegua. Peru. Am. J. Phys. Anthropol. 158, 408–422 (2015).
 70. Santana-Sagredo, F., Lee-Thorp, J., Schulting, R. & Uribe, M. Mobility in the Atacama Desert, northern Chile, in the Late Inter-
mediate Period (AD 900–1450): A re-evaluation using stable isotope analysis. Quat. Int. 533, 66–77 (2019).
 71. García, A. & Carretero, E. M. Corn consumption in native populations of Mendoza (central-western Argentina) and its relation 
to environmental conditions. Multequina 28, 5–20 (2019).
 72. Johnson, A., Gil, A., Neme, G. & Freeman, J. Hierarchical method using ethnographic data sets to guide archaeological research: 
Testing models of plant intensification and maize use in Central Western Argentina. J. Anthropol. Archaeol. 38, 52–58 (2015).
 73. Greaves, R. D. & Kramer, K. L. Hunter–gatherer use of wild plants and domesticates: Archaeological implications for mixed 
economies before agricultural intensification. J. Archaeol. Sci. 41, 263–271 (2014).
 74. Larson, G. et al. Current perspectives and the future of domestication studies. Proc. Natl. Acad. Sci. 111, 6139–6146 (2014).
 75. Shennan, S. The First Farmers of Europe: An Evolutionary Perspective (Cambridge University Press, Cambridge, 2018).
 76. González, C. Comentarios arqueológicos sobre la problemática Inca en Chile central (primera parte). Bol. Soc. Chil. Arqueol. 
29, 39–50 (2000).
 77. Alconini, S. & Covey, R. A. Conclusions: Inca imperial identities-colonization, resistance, and hybridity. In The Oxford Handbook 
of the Incas (eds Alconini, S., Covey, R. A.) 471–477 (Oxford University Press, Oxford, 2018).
 78. Pavlovic, D., Sánchez, R., Pascual, D., Martínez, A. & Cortés, C. Rituales de la vida y de la muerte: dinámicas de interacción 
entre el Tawantinsuyu y las poblaciones locales en la cuenca del Maipo-Mapocho, Chile Central. Estud. Atacameños https ://doi.
org/10.22199 /issn.0718-1043-2019-0022 (2019).
 79. Garrido, F. Rethinking imperial infrastructure: A bottom-up perspective on the Inca Road. J. Anthropol. Archaeol. 43, 94–109 
(2016).
 80. Troncoso, A. Inca landscapes of domination. In The Oxford Handbook of the Incas Vol. 1 (eds Alconini, S. & Covey, A.) (Oxford 
University Press, Oxford, 2018).
 81. Arkush, E. N. Hillforts of the Ancient Andes (University Press of Florida, Gainesville, 2011).
 82. Covey, R. A. Multiregional Perspectives on the Archaeology of the Andes During the Late Intermediate Period (c. A.D. 1000–
1400). J. Archaeol. Res. 16, 287–338 (2008).
 83. Nielsen, A. E. Agropastoral taskscapes and seasonal warfare in the Southern Andes during the regional developments period 
(thirteenth–fifteenth centuries). In Political Landscapes of the Late Intermediate Period in the Southern Andes (eds Larrain, A. 
A. & Greco, C.) 247–268 (Springer International Publishing, New York, 2018). https ://doi.org/10.1007/978-3-319-76729 -1_10
 84. Gayo, E. M. et al. Geohistorical records of the Anthropocene in Chile. Elem. Sci. Anth. 7, 15 (2019).
 85. Morales, M. S. et al. Six hundred years of South American tree rings reveal an increase in severe hydroclimatic events since 
mid-20th century. Proc. Natl. Acad. Sci. https ://doi.org/10.1073/pnas.20024 11117 (2020).
 86. Torres-Rouff, C. & Knudson, K. J. Integrating identities: An innovative bioarchaeological and biogeochemical approach to 
analyzing the multiplicity of identities in the mortuary record. Curr. Anthropol. 58, 381–409 (2017).
 87. Buikstra, J. & Ubelaker, D. Standards for Data Collection from Human Skeletal Remains Vol. 44 (Archaeological Survey Research 
Series, Fayetteville, 1994).
 88. Scheuer, L. & Black, S. Developmental Juvenile Osteology (Academic Press, San Diego, 2000).
 89. Scott, J. H. The cranial base. Am. J. Phys. Anthropol. 16, 319–348 (1958).
12
Vol:.(1234567890)
Scientific Reports |        (2020) 10:21171  | https://doi.org/10.1038/s41598-020-78013-x
www.nature.com/scientificreports/
 90. Copeland, S. R. et al. Using strontium isotopes to study site accumulation processes. J. Taphon. 8, 115–127 (2010).
 91. Snoeck, C. et al. Strontium isotope analysis on cremated human remains from Stonehenge support links with west Wales. Sci. 
Rep. 8, 10790 (2018).
 92. Wang, X. et al. Strontium isotope evidence for a highly mobile population on the Pamir Plateau 2500 years ago. Sci. Rep. 6, 35162 
(2016).
 93. Willmes, M. et al. Mapping of bioavailable strontium isotope ratios in France for archaeological provenance studies. Appl. 
Geochem. 90, 75–86 (2018).
 94. Bentley, R. A. Strontium isotopes from the earth to the archaeological skeleton: A review. J. Archaeol. Method Theory 13, 135–187 
(2006).
 95. Price, T. D., Blitz, J., Burton, J. & Ezzo, J. A. Diagenesis in prehistoric bone: Problems and solutions. J. Archaeol. Sci. 19, 513–529 
(1992).
 96. Kendall, C., Eriksen, A. M. H., Kontopoulos, I., Collins, M. J. & Turner-Walker, G. Diagenesis of archaeological bone and tooth. 
Palaeogeogr. Palaeoclimatol. Palaeoecol. 491, 21–37 (2018).
 97. Sealy, J. C. et al. Comparison of two methods of extracting bone collagen for stable carbon and nitrogen isotope analysis: Com-
paring whole bone demineralization with gelatinization and ultrafiltration. J. Archaeol. Sci. 47, 64–69 (2014).
 98. DeNiro, M. J. Postmortem preservation and alteration of in vivo bone collagen isotope ratios in relation to palaeodietary recon-
struction. Nature 317, 806–809 (1985).
 99. R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, 2020).
 100. Szpak, P., Millaire, J.-F., Chapdelaine, C., White, C. D. & Longstaffe, F. J. An Integrated isotopic study of Early Intermediate 
Period camelid husbandry in the Santa Valley, Perú. Environ. Archaeol. https ://doi.org/10.1080/14614 103.2019.15833 02 (2019).
 101. Hogg, A. G. et al. SHCal20 southern hemisphere calibration, 0–55,000 years CAL BP. Radiocarbon https ://doi.org/10.1017/
RDC.2020.59 (2020).
 102. Bronk Ramsey, C. Methods for summarizing radiocarbon datasets. Radiocarbon 59, 1809–1833 (2017).
 103. Bronk Ramsey, C. Bayesian analysis of radiocarbon dates. Radiocarbon 51, 337–360 (2009).
 104. Menéndez, L. P. Comparing methods to assess intraobserver measurement error of 3D craniofacial landmarks using geometric 
morphometrics through a digitizer arm. J. Forensic Sci. 62, 741–746 (2017).
 105. Rohlf, F. J. & Slice, D. E. Extensions of the Procrustes method for the optimal superimposition of landmarks. Syst. Zool. 39, 
40–59 (1990).
 106. Adams, D. C. & Otárola-Castillo, E. Geomorph: An R package for the collection and analysis of geometric morphometrics shape 
data. Methods Ecol. Evol. 4, 393–399 (2013).
 107. Klingenberg, C. P. MorphoJ: an integrated software package for geometric morphometrics. Mol. Ecol. Resour. 11, 353–357 (2011).
Acknowledgements
This research was funded by the National Geographic Society (Project HJ-136R-17). The following projects and 
institutions also supported research: Department of Anthropology of the Americas of the University of Bonn 
(Germany), PICT 2014-0946, PIP-0301 (Argentina), ANID-Fondecyt 1170408 and Programa Regional CON-
ICYT-R17A10002 (Chile). We deeply thank the Museo de Ciencias Naturales y Antropológicas Juan Cornelio 
Moyano and its director Prof. Valeria Zorrilla for access to study the human remains. Finally, we would like to 
thank the three reviewers and the editor, Niklas Hausmann, for their insightful comments that helped improv-
ing this paper.
Author contributions
R.B., L.M., P.J. R., E.J.M., P.N, A.Te., V.A.D., and V.C. designed research; R.B., E.J.M., P.N., V.A.D., A.G., C.L., V.C., 
C.F., D.G., G.D.P., D.W., A.B., and S.Z. conducted fieldwork; R.B., P.J.R., L.M., E.J.M., P.N, A.Te., J.L., J.S., G.L., and 
M.C. performed research; R.B., P.N., V.D., A.G., C.L., C.F., L.C., F.F., C.M., A.N.D., L.S., F.S.S., and A.Tr. provided 
samples for analysis; R.B., L.M., E.J.M., and A.Te. wrote the paper with contributions from all the authors. R.B., 
L.M., E.J.M., A.Te., G.L., D.W., and A.B. prepared the figures. All the authors reviewed the manuscript.
Funding
Open Access funding enabled and organized by Projekt DEAL.
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-78013 -x.
Correspondence and requests for materials should be addressed to R.B. or L.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2020
